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Lesion studies have provided evidence that the entorhinal cortex (EC) participates in spatial memory.
However, the molecular cascades that underlie memory-associated changes in the EC and its specific role in
spatial memory, however, have not been clearly delineated. Recently, it has been shown that activation of
extracellular signal-regulated kinase (Erk, a mitogen-activated protein kinase family member) in the dorsal
hippocampus is necessary for spatial memory. To examine whether similar mechanisms are used for spatial
memory storage in the EC, Erk activity was inhibited after training in the Morris water maze. Bilateral infusion
of the mitogen-activated protein kinase kinase inhibitor PD098059 into the EC immediately after training
resulted in a memory deficit observed during a retention test performed 48 h later. This deficit was abolished
with pretraining in a different water maze in which animals were able to learn the general task requirements
and the appropriate search strategies. The absence of a deficit indicates that Erk activity in the EC may be
involved in storing the task requirements or the search strategies. The findings presented in this article are
consistent with the idea that the EC is involved in spatial memory and indicate that Erk activity is necessary
for memory consolidation in this structure.

Clinical and experimental studies indicate that although
normal long-term spatial memory is dependent on the hip-
pocampus (O’Keefe et al. 1975; Morris et al. 1982; Zola-
Morgan et al. 1986; Press et al. 1989), other cortical struc-
tures participate in the long-term storage of these memories
(Zola-Morgan and Squire 1990; Kim and Fanselow 1992;
Bontempi et al. 1999; Teng and Squire 1999). Specifically,
the entorhinal cortex (EC) may be necessary for long-term
spatial memory storage. The EC is a major input and output
structure for the hippocampus, receiving sensory informa-
tion from association cortices and sending projections to all
hippocampal subfields. Lesions of the EC result in deficits in
acquisition and retention in the Morris water and radial arm
maze tasks (Holscher and Schmidt 1994; Cho and Jaffard
1995; Nagahara et al. 1995; Galani et al. 1997), as well as
retrograde amnesia (Schenk and Morris 1985; Cho et al.
1993, 1995). However, variation in the extent and specific-
ity of lesions and the confounding lesions of passing neu-
ronal fibers have hindered the determination of the exact
role of the EC in spatial memory (Hagan et al. 1992; Pouzet
et al. 1999; Bannerman et al. 2001). Electrophysiological
studies in rats show that the medial EC contains spatially
selective cells (Quirk et al. 1992), and that in humans, en-

torhinal-hippocampal gamma synchronization is correlated
with successful, but not unsuccessful, encoding of new
memories (Fell et al. 2001). Taken together, these studies
indicate that the EC plays an important role in memory
processes. However, the molecular mechanisms underlying
memory consolidation in the EC are unknown.

Recent studies have implicated the extracellular signal-
regulated kinase (Erk, a MAPK family member) cascade in
neuronal plasticity and in long-term memory (English and
Sweatt 1996; Martin et al. 1997; Kanterewicz et al. 2000;
Wu et al. 2001). The Erk cascade is stimulated by extracel-
lular stimuli and the kinase is activated when dually phos-
phorylated at the TEY motif by the upstream kinase, mito-
gen-activated protein kinase kinase (MEK) (Payne et al.
1991; Her et al. 1993). PD098059, a cell-permeable inhibitor
of MEK, can effectively block the Erk cascade (Alessi et al.
1995) and has been extensively used to examine the role of
Erk in vivo. For example, our laboratory has shown that
intrahippocampal PD098059 administration blocks long-
term memory in the water maze task without any effect on
short-term memory (Blum et al. 1999). In addition, it has
been reported that PD098059 administration blocks long-
term memory in taste aversion, fear conditioning, and pas-
sive avoidance tasks (Berman et al. 1998; Schafe et al. 1999;
Walz et al. 1999). In this report, we have used PD098059 to
investigate the role of Erk activity in the EC in long-term
spatial memory. We report that Erk inhibition in the EC
impairs performance in the hidden platform version of the
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Morris water maze, and that this deficit can be overcome
with pretraining.

RESULTS

PD098059 Infused Into the EC Inhibits
Erk Phosphorylation
The MEK inhibitor PD098059 has been previously shown to
be relatively specific for the Erk cascade (Alessi et al. 1995).
Our laboratory has independently shown that intrahippo-
campal infusion of 2.0 µg PD098059 does not inhibit the
activities of calcium/calmodulin-dependent protein kinase,
protein kinase A, stress-activated protein kinase, or protein

kinase C (Blum et al. 1999). When administered intrahippo-
campally, this dosage and a 10-fold lower concentration (0.2
µg) of PD098059 were previously found to be effective in
decreasing Erk phosphorylation in the hippocampus and
caused an impairment in long-term spatial memory (Blum et
al. 1999). To examine the effectiveness of PD098059 in
blocking Erk phosphorylation in the EC, animals were in-
fused with 0.2 µg of PD098059 into one EC and an equal
volume of vehicle into the contralateral cortex. The phos-
phorylation of Erk was examined in the EC and in the dorsal
hippocampus using immunohistochemistry as stated in the
Materials and Methods section. Figure 1 shows representa-
tive photomicrographs of slices taken from entorhinal-in-

fused animals. By 10 min after the infusion
of PD098059, a reduction in Erk phosphory-
lation in the EC can be seen compared with
the vehicle-infused contralateral side (Fig.
1A). Qualitatively similar results were ob-
served at the 20-min time point (data not
shown). Figure 1B shows adjacent slices
processed with antibodies against CREB
(Ca2+/cAMP responsive element binding
protein), showing that infusion of 0.2 µg
PD098059 does not affect the general im-
munoreactivity of the tissue. To confirm
that phospho-Erk immunoreactivity in the
dorsal hippocampus is unaffected by intrae-
ntorhinal infusions, immunohistochemistry
using dorsal hippocampal sections was per-
formed. Figure 1C shows representative
photomicrographs of the dorsal hippo-
campi from the same animal shown in Fig-
ure 1A. No difference in phospho-Erk im-
munoreactivity was observed between the
drug- and vehicle-infused sides.

Cannulae Site Verification
After the completion of all behavioral stud-
ies, the sites of infusion were confirmed by
histological analysis. Animals with infusion
sites that did not fall within the EC and
within 0.8 mm rostral-caudal of the target
site were excluded from the analysis. Figure
2 shows the infusion sites of the animals
that were included in the one-room and
two-room experiments.

Post-Training Infusion of
PD098059 Into the EC Blocks
Long-Term Spatial Memory
To investigate whether Erk activity in the
EC participates in spatial memory storage, a
post-training infusion paradigm was used.
Immediately after the completion of train-

Figure 1 PD098059 infusion into the entorhinal cortex (EC) prevents extracellular sig-
nal-regulated kinase (Erk) activation. (A) Representative photomicrographs showing de-
creased phospho-Erk immunoreactivity in the entorhinal area after 0.2 µg PD098059
infusion into one side compared with the vehicle-infused contralateral side (10-min time
point). (B) In adjacent slices, 0.2 µg PD098059 does not decrease CREB immunoreac-
tivity. (C) In the dorsal hippocampus in the same animal, 0.2 µg PD098059 infused into
the EC does not decrease phospho-Erk.
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ing, animals were randomly divided into two groups and
then bilaterally infused with either vehicle or 0.2 µg
PD098059. Figure 3A shows that infusion of PD098059 into
the EC immediately after training results in significantly
longer latencies to cross the previous platform location
(gray annulus) during the probe trial administered 48 h later
(PD098059, 39.43 ± 6.7 sec; vehicle, 16.72 ± 5.59 sec;
p < .05). Analysis of the swim speed for each group did not
reveal any significant differences (PD098059, 27.8 ± 1.1
cm/sec; vehicle, 28.4 ± 1.9 cm/sec; n.s.). Representative
swim paths for vehicle- and PD098059-infused animals are
shown in Figure 3B.

In addition to longer latencies to the platform, further
analysis of the probe trial performances revealed several
differences between the vehicle- and drug-infused animals.
Figure 3C shows that before the first annulus crossing, drug-

infused animals spent more time swimming
in the outer 50% of the tank (dwell time)
compared with the vehicle-infused controls
(PD098059, 30.28 ± 6.60 sec; vehicle,
10.13 ± 4.35 sec; p < .05). An analysis of
swimming behavior in a smaller ring (one
platform diameter in width) right next to
the wall shows that drug and vehicle groups
are not significantly different in dwell time
in this ring before the first crossing (ve-
hicle, 9.67 ± 4.19; PD098059, 20.9 ± 6.22,
n.s.). When examined for initial heading di-
rection, animals infused with PD098059
had significantly increased heading error
(PD098059, 93.94 ± 10.74 deg; vehicle,
37.99 ± 11.93 deg; p < .05) (Fig 3D).

To test whether the drug-infused ani-
mals are reverting to an initial exploratory
strategy, a comparison of the first training
trials with the probe trial performance of
vehicle- and drug-infused animals for dwell
time in the outer 50% and for heading error
was performed. Analysis of dwell time in
the outer 50% does not show a significant
group by trial interaction (two-way re-
peated measures analysis of variance
[ANOVA], F = 1.91), but does show a sig-
nificant trial effect (F = 28.176; p < .001).
Post-hoc analysis using a Student-Newman-
Keuls test shows that both groups show
a significant decrease in dwell time in
the outer 50% in the probe trial compared
with the initial trial (vehicle: first trial
46.01 ± 6.0; probe 10.13 ± 4.4, p < .05;
PD098059: first trial 54.16 ± 3.8; probe
30.28 ± 6.6, p < .05). However, there is
also a significant group effect (F = 4.562,
p < .05), as already mentioned, there is a

significant difference between the drug and vehicle animals
in the probe trial (see Fig 3C). Analysis of heading error
shows a significant group by trial interaction (two-way re-
peated measures ANOVA; F = 13.484; p < .005) with the
vehicle-infused animals showing a significant decrease in
heading error in the probe trial compared with the first trial
(first trial 71.01 ± 8.2; probe 38.0 ± 11.9), and the drug-
infused animals showing a significant increase in heading
error (first trial 64.9 ± 11.9; probe 93.9 ± 10.7).

No significant differences were observed between the
two groups in the number of total attempts (PD098059,
3.66 ± 0.73; vehicle, 4.71 ± 0.81; n.s.) or in the number of
successful attempts during the probe trial (PD098059,
1.67 ± 0.53; vehicle, 2.57 ± 0.53; n.s.). The lack of a differ-
ence in successful attempts does not appear to be attribut-
able to circling at an appropriate distance from the tank

Figure 2 Infusion sites in the EC. Infusion sites in the entorhinal area for all behavioral
experiments as shown on coronal atlas plates taken from Paxinos and Watson (1997).
Infusion sites are indicated by circles. Only animals that had infusion sites within the EC
and that were 0.8 mm rostral-caudal of the target site were kept for further analysis.
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wall, as inspection of the probe trials did not reveal any
signs of undirected circling behavior. When reexposed to
the platform and given three more training trials, drug-in-

fused animals showed control levels of performance, indi-
cating that there were no long-term effects of the drug in-
fusion (Fig 3E).

Figure 3 Infusion of PD098059 into the EC after training in the Morris water maze blocks long-term memory. Arrow indicates time of
infusion (0.2 µg/side of PD098059 [n = 9] or vehicle [n = 7]). (A) Latency to the platform location during training and the probe trial. (B)
Representative traces of the probe trials for vehicle- and drug-infused animals. (C) Dwell time in the outer 50% of the tank before the first
successful attempt during the probe trial. (D) Heading error as the angle away from the target (deg) leaving the entry quadrant during the probe
trial. (E) Latency to the platform during retraining. Data are presented as the mean ± standard error of mean (SEM), * p < .05.
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Pretraining in a Separate Water Maze
Facilitates Training
Pretraining has been used to help distinguish between the
different components of spatial learning (for a review, see
Cain 1998). With pretraining, the animals become familiar
with the general task requirements and learn to use a map-
ping strategy (using the relational properties of distal cues)
to solve the task. During the training in the second room,
the rats then use these acquired skills to solve the novel
place problem (Whishaw 1989; Bannerman et al. 1995).

To investigate which component of memory Erk activ-
ity in the EC might be storing, a pretraining protocol, similar
to the one used by Bannerman et al. (1995), was used with
a new group of animals. To confirm that animals learned the
task requirements and the strategy for solving the maze
during pretraining, the performance of the animals during
pretraining and training was compared. If the pretraining
allowed the animals to learn the strategy for solving the
task, then pretraining should facilitate training. Figure 4A

shows that the latency to the platform on the first training
trial is significantly decreased when compared with the first
pretraining trial (Blue room 58.02 ± 1.37; Yellow room
41.94 ± 3.91, p < .005). This is consistent with the results
reported by Keith and McVety (1988) in which they
showed that pretrained (PT) animals had shorter latencies
to the platform on the first training trial compared with
animals that were just exposed to the procedural aspects of
the task. In addition, the number of times that animals failed
to remain on the hidden platform after finding it was sig-
nificantly decreased for training compared with pretraining
(Blue room 0.48 ± 0.19; Yellow room 0.0 ± 0.0, p < .05).
Because the tank used for training in the Yellow room is
56% larger than the tank used for pretraining in the Blue
room (making the task in the Yellow room more difficult),
a direct comparison between training curves or the number
of trials to reach criterion would not necessarily be an ac-
curate measure of facilitation (Mactutus and Booze 1994).
However, a comparison of the training curves and the num-

Figure 4 Pretraining in a separate water maze facilitates training. (A) Latency to the platform during the first pretraining trial (Blue) versus
the first training trial (Yellow). (B) Average number of trials to criterion for non-pretrained (NPT) animals from Experiment 1 versus the
pretrained (PT) animals from Experiment 2. (C) Training curves broken down into individual trials. Latency to platform during the first seven
training trials for NPT animals from Experiment 1 versus the PT animals from Experiment 2 (two-way repeated measures analysis of variance
[ANOVA] on Ranks NPT versus PT p < .05). Data are presented as the mean ± SEM, * p < .05.
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ber of trials to reach criterion between the non-pretrained
(NPT) animals from Experiment 1 and the PT animals from
Experiment 2, which were both trained in the same tank
using the same protocol, also shows a significant facilitation
effect of pretraining. Figure 4B shows that the number of
trials to reach criterion is significantly decreased in the PT
group compared with the NPT group (NPT 10.38 ± 0.61; PT
8.96 ± 0.55; p < .05). Figure 4C shows the initial portion of
the training curves broken down into individual trials, with
the PT group showing significantly shorter latencies to the
platform (two-way repeated measures ANOVA on Ranks
NPT versus PT, p < .05). However, these experiments were
conducted successively, so the statistical analysis should be
treated with caution.

Pretraining in a Separate Water Maze Prevents
the Memory Deficit Induced by PD098059
Infusion Into the EC
Figure 5A shows that after the pretraining (in the Blue
room), all animals show long-term memory for the location
of the hidden platform. After the probe trial, animals were
trained in a separate water maze in a different room (the
Yellow room). Immediately after the completion of training
in the Yellow room, animals were randomly divided into
two groups and infused with either 0.2 µg PD098059 or an
equal volume of vehicle. Figure 5A shows that animals in-
fused with PD098059 into the EC after training in the Yel-
low room were not significantly different than vehicle-in-
fused animals in latency to cross the platform location (gray
annulus) when tested in a probe trial 48 h later (PD098059,
27.8 ± 6.0 sec; vehicle, 24.8 ± 5.4 sec; n.s.). Analysis of the
swim speed for each group also did not reveal any signifi-
cant differences (PD098059, 29.9 ± 1.2 cm/sec; vehicle,
28.1 ± 1.1 cm/sec; n.s.). Representative swim paths for ve-
hicle- and PD098059-infused animals are shown in Figure
5B. Consistent with the latencies, Figure 5C shows that the
drug- and vehicle-infused groups had no significant differ-
ences in the amount of time swimming in the outer 50% of
the tank before the first annulus crossing (PD098059,
19.8 ± 6.0; vehicle, 15.2 ± 4.3; n.s.). In addition, no signifi-
cant difference was detected in heading error between the
two groups (PD098059, 68.1 ± 10.9; vehicle, 63.8 ± 10.2;
n.s.) (Fig. 5D). Drug-infused animals were not significantly
different in either the total number of attempts (PD098059,
5.8 ± 0.9; vehicle, 4.7 ± 0.6; n.s.) or the number of success-
ful attempts (PD098059, 2.1 ± 0.4; vehicle, 2.0 ± 0.4; n.s.)
when compared with the vehicle-infused animals. Figure 5E
shows that drug-infused animals show control levels of per-
formance on the retraining trials.

DISCUSSION
Two novel findings are presented in this report that are
relevant to the involvement of the EC in learning and
memory and the molecular mechanisms underlying this in-

volvement. First, Erk activity in the EC is necessary for
the long-term memory of a spatial task, the Morris water
maze. Second, pretraining in a distinctly different water
maze alleviates the deficit seen after Erk blockade in this
task. These findings show a crucial role for the Erk cascade
in the EC in storing a component of long-term spatial
memory.

The involvement of the EC in long-term spatial memory
has been the subject of numerous lesion studies, although
the conclusions have been varied because of differences in
the extent and type of lesion. For example, several studies
have reported deficits in the acquisition of water or radial
arm maze tasks after lesions of the EC (Olton et al. 1978;
Holscher and Schmidt 1994; Johnson and Kesner 1994; Cho
and Jaffard 1995; Nagahara et al. 1995; Galani et al. 1997,
1998; Hardman et al. 1997; Ferbinteanu et al. 1999; Eijken-
boom et al. 2000; Oswald and Good 2000). In contrast,
other studies that have performed fiber-sparing lesions of
the EC do not report any deficits in the acquisition or re-
tention of these tasks (Bouffard and Jarrard 1988; Pouzet et
al. 1999; Bannerman et al. 2001). Incomplete lesions spar-
ing parts of the EC (Bouffard and Jarrard 1988) or extensive
training in other tasks before maze training (Pouzet et al.
1999; Bannerman et al. 2001), however, have complicated
the interpretation of these studies. Furthermore, the ab-
sence of a deficit in these pretraining lesion studies may be
attributable to compensation by alternative problem-solving
strategies. Studies using post-training lesions of the EC (both
fiber-sparing and nonfiber sparing) have observed deficits in
retention, indicating that the EC itself may be a site for
memory storage (Schenk and Morris 1985; Cho et al. 1993,
1995).

We have previously shown that behavioral training in a
spatial memory task results in Erk activation in the dorsal
hippocampus and that blockade of this activation impairs
long-term spatial memory, indicating a role for Erk in the
plasticity-related changes associated with long-term
memory. To investigate whether similar mechanisms take
place in the EC, post-training intraentorhinal administration
of an inhibitor of Erk activation, PD098059, was performed.
This infusion protocol was used to specifically address the
question of the role of the EC in the retention of this task,
as opposed to its role in the acquisition of this task. During
a probe trial 48 h after the completion of training, spatial
memory was found to be significantly impaired in the drug-
infused group compared with the vehicle-infused group
(Fig. 3). This deficit appeared to be attributable to the block-
ade of Erk activity in the EC, as immunohistochemical analy-
sis did not reveal any influence of the infusion on phospho-
Erk immunoreactivities in the dorsal hippocampus (Fig. 1).
Analysis of the probe trial performance revealed several
differences between animals infused with PD098059 and
control animals, including longer latencies to the platform
location (gray annulus), increased initial swimming in the
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outer 50% of the tank (which was not due to the animals
simply searching the tank wall for a means of escape), and
larger initial heading errors. The latency to platform and
heading error measures are quite sensitive to the degree of
learning (Morris 1984). An increase in the latency to plat-
form is a commonly used index of a memory deficit, as
other studies using a 1-d training protocol have used latency
to platform as a learning or retention measure and have

reported increased latencies as an indication of memory
impairment (Guzowski and McGaugh 1997; Blum et al.
1999; Teather et al. 2002). It is interesting that there was no
difference in the number of total or successful attempts
made by the two groups (Fig. 3E). This is consistent with a
previous study by Schenk and Morris (1985) in which ani-
mals with post-training lesions of the EC did not show a
preference for the training quadrant in a transfer test (probe

Figure 5 Pretraining prevents the memory deficit induced by PD098059 infusion into the EC. Arrow indicates time of infusion (0.2 µg/side
of PD098059 [n = 10] or vehicle [n = 13]). (A) Latency to platform location during pretraining, the first probe trial, training, and the second
probe trial. (B) Representative traces of the probe trials for animals from the vehicle (n = 13) and drug (n = 10) groups. (C) Dwell time in the
outer 50% of the tank before the first successful attempt during the probe trial. (D) Heading error as the angle away from the target (deg)
leaving the entry quadrant during the probe trial. (E) Latency to the platform location during retraining. Data are presented as the mean ± SEM.
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trial), but their frequency in crossing the platform location
was no different than control animals.

The impairments we observed with PD098059 infu-
sions after training appeared to be more related to memory
deficits for search strategies than for the location of the
platform. The drug-infused animals seem to have reverted
back to an exploratory search pattern that is less accurate
than a more developed directed search pattern. This type of
strategy might include wall-directed, or start-directed
swims, and large heading errors, similar to the strategy used
at the beginning of training. A difference in performance
between the initial trials and the probe trials for the vehicle-
infused animals, but not the drug-infused animals, would
indicate that rats infused with PD098059 revert to their
initial exploratory strategy. For heading error, the vehicle-
infused animals show a decrease, and the drug-infused ani-
mals show an increase, in the probe trial compared with the
first training trial. That the drug-infused animals showed an
increase in heading error instead of simply no change may
be because the animals were exposed to the platform im-
mediately before the first training trial and not before the
probe trial. For dwell time in the outer 50%, both groups
show a significant decrease in the probe trial compared
with the initial trial, with the vehicle-infused animals signifi-
cantly decreased compared with the drug-infused animals.
The decrease in dwell time in the outer 50% during the
probe trial compared with the first training trial seen in the
drug-infused group, combined with control levels of swim-
ming against the wall, indicates that the deficit is not attrib-
utable to the rats searching the tank wall for a means of
escape. These results together support our conclusion that
the drug-infused animals are reverting to a less-developed,
wall-directed search strategy. Although the drug-infused ani-
mals’ search fits an exploratory pattern, both groups still
crossed the platform location (gray annulus) with similar
frequency, indicating intact memory for the location of the
platform. It has been suggested that an animal spontane-
ously reverts to an exploratory search strategy when it finds
itself in a novel situation or when a familiar situation has
changed in some way (Whishaw and Mittleman 1986), so it
is unclear from the probe trial analysis whether the animals
lack a search strategy or whether their “cognitive map” of
the room has been lost such that the room appears “novel.”

To address this possibility, animals were pretrained,
allowing them to consolidate information regarding the re-
quirements of the task and an optimal strategy for solving it.
Thus, only the platform location in relation to the distal
cues would be learned in the subsequent training, which is
supported by the data showing facilitated training as a result
of pretraining (see Fig. 4). After this training in the second
room, animals were infused with PD098059 or vehicle.
When tested with a probe trial 48 h later, there were no
significant differences between the two groups for any of
the performance factors examined. Although the mean val-

ues for vehicle-infused animals for the performance criteria
examined were elevated for the probe trial in Experiment 2
compared with Experiment 1, these differences were not
statistically significant. These results support the idea that
Erk activity in the EC is not involved in storing the specific
location of the platform or the “map” of the room, but that
it may be important for storing the optimal search strategy
or rule for solving the maze. This idea is consistent with a
theory proposed by Whishaw and Mittleman (1986) sug-
gesting that the EC is involved in the retention of search
strategies. The present study cannot rule out the possibility
that the lack of a deficit in the drug-infused animals was
attributable to a lack of novelty for the task because of
pretraining or to the animal’s ability to compensate for a
deficit attributable to greater experience with the task.

If the EC is involved in strategy selection and retention,
the process of deciding which stimuli are irrelevant may be
a part of the process of strategy selection. In the study by
Schenk and Morris (1985), animals were trained to ignore a
decoy (floating platform) to successfully navigate to a stable
platform in the water maze. Animals with EC lesions did not
learn to avoid the floating platform, and the investigators
concluded that the lesioned animals could not discriminate
between the two platforms. However, both lesion groups
were consistently above chance in choosing the rigid plat-
form, indicating that they could not learn that the floating
platform was irrelevant to solving the task.

The results presented here are also consistent with la-
tent inhibition studies. EC lesions also block latent inhibi-
tion, which is the phenomenon by which preexposure to
the context and the shock prevents later fear conditioning
and is thought to be a measure of the ability to ignore
irrelevant stimuli.

Since Erk activation was first observed after hippocam-
pal long-term potentiation (English and Sweatt 1996), sev-
eral studies have shown that Erk activity is a critical com-
ponent of long-term memory formation. For example, trans-
location of Erk into the nucleus of Aplysia presynaptic
neurons has been observed during serotonin-induced long-
term facilitation, a correlate of long-term memory. Blockade
of Erk activity in these neurons impairs long-term facilita-
tion without any affect on short-term facilitation (Martin et
al. 1997). Similarly, training in a hippocampus-dependent
task is associated with activation and translocation of Erk in
CA1/CA2 dorsal hippocampal neurons, and inhibition of
Erk impairs long-term, but not short-term, spatial memory
(Blum et al. 1999). Erk activity has also been reported after
training in classical conditioning paradigms (Crow et al.
1998), associative learning (Atkins et al. 1998), inhibitory
avoidance (Cammarota et al. 2000; Alonso et al. 2002), and
taste discrimination (Berman et al. 1998). Its activation in
areas involved in specific types of memory has been shown
to be necessary for that type of learning. For example, the
insular cortex and taste aversion (Berman et al. 1998), the
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amygdala and fear conditioning (Schafe et al. 2000), the
hippocampus and spatial learning (Blum et al. 1999), and
the hippocampus, EC, amygdala, and parietal cortex in step-
down inhibitory avoidance (Walz et al. 1999, 2000; Izqui-
erdo et al. 2000b). The Erk cascade has also been shown to
be necessary for retrieval in inhibitory avoidance tasks in
the EC (Barros et al. 2000), hippocampus (Barros et al.
2000; Izquierdo et al. 2000a; Szapiro et al. 2000), parietal
cortex, and amygdala (Barros et al. 2000). The repeated
demonstration of the involvement of this kinase in long-
term memory storage with different tasks indicates a key
role for this enzyme in neuronal plasticity.

The effectiveness of PD098059 to inhibit long-term
spatial memory when administered immediately after train-
ing into either the dorsal hippocampus or the EC indicates
that similar molecular cascades are activated in these two
structures, perhaps in parallel, as a result of learning. This is
in agreement with the classification of Bontempi et al.
(1999) of the EC as a hippocampal formation structure that
shows a similar temporal pattern of involvement in long-
term memory. Further study into the details of the deficits
after Erk inhibition in these two structures may elucidate
similarities and/or differences in their contributions to long-
term memory storage.

METHODS

Subjects
Adult male Long-Evans rats (220–250 g) were obtained from
Charles River Laboratories. Rats were housed individually on a 12-h
light/dark cycle with ad libitum access to food and water.

Surgery
All protocols involving the use of animals were in compliance with
the National Institutes of Health’s Guide for the Care and Use of
Laboratory Animals and were approved by the Institutional Ani-
mal Care and Use Committee. Rats were initially anesthetized with
4% isoflurane with a 2 : 1 N2O : O2 mixture and were maintained
via a facemask under a 2% isoflurane/2 : 1 N2O : O2 mixture. A
small burr hole in the skull was prepared to allow the implantation
of chronic guide cannulae. The guide cannulae were aimed 1.5 mm
above the entorhinal area and bilaterally implanted using the fol-
lowing coordinates: AP −6.7, L ± 5.5, and V 6.0 (Paxinos and Wat-
son 1997). Guides were secured to the skull with screws and dental
cement. Animals were allowed to recover from the surgery for 10
d before the initiation of behavioral testing.

Drug Preparation and Infusion
PD098059 (Biomol) was initially dissolved in DMSO and then di-
luted in sterile saline before use. Freely moving animals were bilat-
erally infused with 1 µL/side of 0.2 µg PD098059 (in 4% DMSO) or
vehicle (4% DMSO in saline) using a dual syringe infusion pump
(Stoelting) at a rate of 0.25 µL/min. The infusion cannulae extended
1.5 mm beyond the guide cannulae to give a final depth of 7.5 mm.

Behavioral Training
All behavioral training was performed by an experimenter blind to
the treatment groups. Spatial memory was examined using a pro-

tocol similar to the hidden platform version of the Morris water
maze task, as was described previously (Blum et al. 1999).

Experiment 1
Animals were trained in a room off a yellow corridor, which will be
called the “Yellow room,” using a water-filled metal tank 1.4 m in
diameter surrounded by several extra-maze cues that were kept
constant throughout the training and testing procedures. A round
platform 11 cm in diameter was submerged 2.5 cm below the water
level, and white opaque nontoxic paint was added to the water to
hinder visibility. Animals were initially placed on the platform for
30 sec to allow them to become familiar with the tank and extra-
maze cues. For each training trial, the rats were placed in the pool
facing the wall in one of four random locations and given 60 sec to
find the platform. Animals were allowed to rest on the platform for
30 sec before being returned to warm training cages. Animals that
failed to find the platform were led there by the experimenter. An
intertrial interval of 4 min separated the trials. Animals were trained
until they found the hidden platform three consecutive times with
an average latency of �10 sec. On average, animals required 10–16
training trials to reach this criterion. Animals that failed to reach
this criterion after 16 trials were eliminated from the study. In
Experiment 1, five animals did not satisfy the criterion, whereas in
Experiment 2, two animals did not satisfy the criterion. Immedi-
ately after training, animals were bilaterally infused with either 0.2
µg PD098059 or vehicle (1 µL/side at 0.25 µL/min) and were re-
turned to their home cages until retention testing. Spatial memory
was assessed 48 h later with a 60-sec probe trial in which the
platform was removed. Movement within the maze was recorded
using a digital camera and Chromotrack tracking software (San
Diego Instruments). After completion of the probe trial, the plat-
form was replaced and the animals were exposed to the platform
for 30 sec and then immediately given three retraining trials to
assess any nonspecific or lingering effects of the drug infusion.

Experiment 2
The procedure used was similar to that outlined by Bannerman et
al. (1995). Rats were trained in a room off the blue corridor, which
will be called the “Blue room,” using a fiberglass tank 1.2 m in
diameter with an 11-cm diameter platform. Platform placement and
extra-maze cues were arranged to be distinctly different from those
used in the Yellow room. Animals were trained as in Experiment 1
with a criterion of three consecutive trials averaging <7 sec to
adjust for the decreased tank diameter. Spatial memory was as-
sessed 72 h later with a probe trial as described previously. After
the probe trial, animals were trained in the Yellow room, using the
same criterion as in Experiment 1. Immediately after training, ani-
mals were bilaterally infused with 0.2 µg PD098059 or vehicle.
Animals were given a probe trial 48 h later in the Yellow room and
retrained as described above.

Probe Trial Analysis
The tracking software automatically calculates dwell time and en-
tries into labeled zones as well as heading error, which is measured
as the angle between the center of the platform and the heading of
the animal when leaving the entry quadrant. Computer traces of
the animal’s movements during the probe trial were printed with
the following areas labeled: concentric circles representing the
platform location and an area with a diameter (22 cm) that is twice
that of the platform (gray annulus), the perimeter (the outer 50% of
the tank), and the quadrants. The printouts were used to determine
the number of platform approaches (attempts) and the number of
times these attempts were successful (gray annulus crossings). An
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attempt was defined as (1) any time the path of the animal entered
or touched the gray annulus; (2) any time the path of the animal
showed a sharp turn away from the tank wall (>30°) followed by a
straight swim of at least 9 cm that, if continued, would have re-
sulted in the path of the animal entering the gray annulus; and (3)
a longer straight swim for at least 18 cm in which the rat crossed
into the training quadrant and came within 20 cm of the edge of the
platform.

Drug Effectiveness
A separate group of animals were cannulated as in the infusion
experiments and were infused with 0.2 µg PD098059 on one side
and vehicle contralaterally. The animals were killed 10 to 20 min
later; the brains were removed and cut into 4-mm thick slabs. The
slabs were postfixed in ice-cold 4% paraformaldehyde/15% picric
acid for 48 h, cryoprotected with 30% sucrose, and sliced into
40-µm slices using a cryostat. Free-floating slices were blocked in
Tris-buffered saline with 0.1% Triton X-100 (TTBS) containing 3%
BSA for 30 min. Slices were then incubated for 24 h at room tem-
perature in anti-phospho Erk1/2 or anti-CREB (rabbit polyclonal
antibody, 1 : 1000 Cell Signaling Technologies) in TTBS-3% BSA.
Tissue sections were washed in TTBS after which the tissue was
incubated in biotinylated goat anti-rabbit secondary and visualized
using ABC and DAB kits (Vector Laboratories) following the manu-
facturer’s instructions. The immunoreactivity of phospho-Erk and
of CREB was visually compared between the drug- and vehicle-
infused sides. However, the present experiments cannot com-
pletely rule out an effect on subicular structures because of guide
cannulae placement.

Verification of Cannulae Placement
After the completion of behavioral testing, animals were killed and
bilaterally infused with 1.5 µL Coomassie blue dye to mark the
infusion sites. The brains were then removed, cut into 4-mm thick
slabs, and postfixed in 4% paraformaldehyde/15% picric acid for
24–48 hr. Tissue was then cryoprotected in 30% sucrose, and 40-
µm cryosections were prepared. Sections including the infusion
site were mounted on slides and stained with cresyl violet. Cannu-
lae placement was confirmed, and only animals in which the infu-
sion site was within the EC and within 0.8 mm rostral-caudal of the
target site were kept for further analysis (Experiment 1 vehicle
n = 7, PD098059 n = 9; Experiment 2 vehicle n = 13, PD098059
n = 10).

Statistical Analysis
Statistical significance was determined using a two-tailed Student’s
t test for unpaired variables when comparing two groups and by
using a two-way repeated measures ANOVA test for differences
between the training curves. Data were considered significant at
p � .05.
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